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ROCKET OBSERVATIONS OF ELECTRON TEMPERATURE IN THE E REGION

L. G. Smith, L. H. Weeks and P. J. McKinnon
GCA Corporation, Bedford, Massachusetts

SUMMARY

Electron temperature observations have been obtained with Langmuir
probes carried on sounding rockets, principally the Nike Apache. A re-
finement of the instrumentation in which the rate of change of current
is telemetered on a logarithmic scale gas allowed the accuracy of individ-
ual measurements to be reduced to + 25 K compared with + 100 K obtained
from direct analysis of the current-voltage characteristic. Rocket
flights in Brazil during and following the solar eclipse of 12 November
1966 show that the electron temperature below 150 km remained constant;
at greater heights a change of temperature was found, amounting to 300K
at 190 km. This supports the view that solar radiation does not directly
determine the electron temperature of the E region. Electron temperatures
are found always to be greater than the neutral gas temperature and, at

-a given altitude, the difference increases with increasing sunspot number.

INTRODUCTION

This paper is concerned with electron temperature in the daytime E
region, particularly the problem of interpretation that exists and which
has become rather controversial. Some data are presented which help
resolve part of the problem but which leave other parts to be answered.
We use the usual ionospheric definition of the E region: the altitude
range 90 to 160 km.

The relation between electron temperature and the gas temperature
was first considered in detail by Hanson and Johnson [1]* in what has
now become a classic paper. The heat source is solar ultraviolet radi-
ation which produces high energy photoelectrons. The energy of the
photoelectrons is lost initially by inelastic collisions which excite the
atomic and molecular constituents of the neutral gas. When the energy
is less than about 2 eV the remaining energy is transferred by Coulomb
interaction to the thermal electrons. The thermal electrons lose energy
to the positive ions and neutral gas.

Hanson and Johnson find that under steady-state conditions the tem-
perature difference between electrons and the neutral gas should be
negligible below 150 km, while above 150 km nonequilibrium is predicted,
the thermal electrons being hotter than the neutral gas. While the non-
equilibrium predicted by their theory has been substantiated above 150
km the available rocket data points to nonequilibrium also throughout

“Numbers in [] represent references.



most of the E region. This is illustrated in Figure 1 which shows elec-
tron temperature profiles from two daytime and one sunrise rocket flight
compared with a gas temperature model typical of mid-solar cycle conditions.

Profile 1 is the 1965 COSPAR International Reference Atmosphere model
for the neutral %tmosghere at local noon for a 10.7 cm so%ar flux of
125 x 10722 The temperature at 150 km is 670 K. Profile 2
is the electron temperature observed in Brazil on the day of the solar
eclipse but with the ionosphere recovered from the effect of the eclipse.
The electron temperature at 150 km is 11400K which exceeds the gas tem-
perature by 470°K. The third profile, shows the highest value of elec-
tron temperature thSt we have seen at 150 km in the daytime. It is
1650° K, nearly 1000 K above the gas temperature. The fourth profile shows
the largest values of electron temperature we have observed under any
conditions. The electron temperature at 150 km is 2380 K. It is signi-
ficant that this observation was made just before ground sunrise.

Dalgarno and McElroy [2] have pointed out that unusually high temperatures
can be expected at this time.

EXPERIMENTAL METHOD

In the Langmuir probe technique and its many variations, an elec-
trode is inserted into the plasma and the electron temperature is obtained
from the variation of current with voltage. The shape of the electrode
is not critical; we have used the nose tip of Nike Apache and Nike Cajun
rockets [3]. The location is chosen for convenience and simplicity.

The analysis of individual current-voltage curves is tedious and
several methods of partial or complete data reduction by on-board tech-
niques have been developed. Some methods superimpose small ac signals
on the sweep voltage. We have recently introduced a simpler approach
in which the rate of change of current is telemetered on a logarithmic
scale. The accuracy of individual measurements is + 25 degrees which
may be compared with + 100 degrees usual with direct analysis of the
current-voltage curves.

The circuit of the probe is shown schematically in Figure 2. When
the double-pole relay is energized thorwing it into the opposite position
to that shown, the current-voltage curve is obtained at the output of the
linear electrometer. This is telemetered on one channel of an FM/FM
system and provides a check on the further processing of the signal in
the instrument. The displacement current in a small capacitor connected
to the output of the linear electrometer is measured by the logarithmic
electrometer so that its output is proportional to log (di/dV). This
output is telemetered on a second channel.

The appearance of the telemetry record is shown in Figure 3. The
upper trace is the output of the linear electrometer (the nonlinearity at
large currents is introduced in the telemetry system) while the lower is




s [opouw 9anjexsdwal sef [exjinsu e yjim paiedwoos 3IYSTII 399001
9sTiuns auo pue swijkep om3j woijl safijoad sanjeaddwdl uUOIIIITT T 21n814

(Mo) IHNLIVY3IANIL

ooub Ot Q00¢ 000l [0]
T T T T T T T o] 6]
— ~ 01l
- —ozi
L {e£6=x) CGNVTISI Sd0TTVYM ~og!
9961 3NCT &1 ‘LST 8ip0
042'¢1 3hOVdY ININ A (B)
(,09=3) ANTISI Sd2ITUm
L9961 AYYNNVI 1§ ‘153 OGE!
I~ Gu2'%1 3IHOVAY ImN u ©® -1ov
(s02=X) TZVHA ‘ONISSY)
9961 ¥IANIAON 2! ‘157 D0€!
€0E v1 3JHOVIY ININ 8L (@)
[[ZHz9M 5201t G21:4 1187 002 1°¢!
310 veiD 96 BL (D
4091
~ 041
— 08l
L ~—4 06l
- .~ _ i _ i i OON

3anLinv

(wH)




0IC8204 - 20C

NOSE
ELECTRODE
‘R
CALIBRATION e CAL
RELAY
TRIGGER e — ——— RAMP
|
[
L__._____.____T__{.__‘ i
| I
| I
‘ b
LOG LINEAR
ELECTROMETER ELECTROMETER
AC COUPLING J f
DIFFERENTIATION
LOG LINEAR
OUTPUT OUTPUT
Figure 2.
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the output of the logarithmic clectrometer. The slope of the lower trace
gives a direct measure of the electron temperature with the advantages
of improved accuracy and quicker and easier data analysis.

Following the voltage sweep, the double-pole relay is de-energized
and the probe current (at + 2.7 volts) is measured on the logarithmic
electrometer while the linear electrometer is used to amplify the fine
structure of the electron density profile. Data from the fixed-voltage
mode of operation is not presented here.

The better quality of the data from flights using the new instrument
has emphasized an interesting phenonemon which appears in varying degrees
on all flights. This is a relatively large difference between ascent and
descent profiles of electron temperature in the lower E region. An extreme
case of this is shown in Figure 4 which also serves to illustrate the
method of smoothing the data: five consecutive values of temperature are
averaged and a smooth curve drawn through these average values. As secn
in the figure initial values of electron temperature are about 1000°K at
85 km. The temperature decreases as the rocket ascends to 115 km then
increases to the apogee point (197 km on this flight). On descent lower
electron temperatures are observed and the high values at low altitudes
are not reproduced. On other flights the same high value is seen at 85
km on ascent but the decrease in temperature is more rapid.

It is believed that the electron temperature at altitudes below about
120 km is not the true ambient value but the result of an aerodynamic
effect. The difference between the effect on ascent and descent is at-
tributed to the attitude of the spin-stabilized vehicle: the rocket
descends with the nose tip electrode trailing until turning over at about
100 km. Because of this apparent local heating of the electrons the
descent profile is preferred. The three profiles of Figure 1 are, in
fact, those of the descending rocket.

The anomalous values of electron temperature observed in the low E
region indicate that reported values of electron temperature in sporadic-
E layers may be too large. The only conclusion that can safely be drawn
from published data is that the electron temperature in a sporadic-E

o
layer does not exceed 750 K [4].

ECLIPSE OBSERVATIONS

The variation of electron temperature during a solar eclipse provides
further insight into the problem of E-region electron temperatures. Ob-
servations by Smith, et al., [5] at Fort Churchill during the solar
eclipse of 20 July 1963 indicated a decrease in electron temperature at
altitudes between 160 and 190 km during the eclipse but no significant
change between 120 and 160 km. This experiment has been repeated during

the solar eclipse of 12 November 1966 using the probe described in the
previous section.
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The rockets were launched from a temporary site at Cassino in
southern Brazil. Three profiles of electron temperature were obtained.
Two are very close to totality: the first rocket (launch time 1406 UT)
entered totality at 94 km on descent, the second rocket (launch time
1410 UT) emerged from totality at 84 km on ascent. The third rocket
was launched at 1600 UT, 25 minutes after fourth contact. The electron
density profile of this last flight was given in Figure 1.

The change in electron temperature during the eclipse is shown in
Figure 5. The difference between the electron temperature following the
eclipse and the two mid-eclipse flights is plotted against altitude.

The descent data is used and the individual profiles have been smoothed
by the process described in the previous section. Some data from the
rocket launched at 1406 UT is missing. Within the experimental error
the temperature does not change below 150 km. Above %50 km a nearly
linear change with altitude is found amounting to 300 K at 190 km.

The new data with its greater accuracy therefore supports the earlier
observation that the electron temperature of the E region does not change
during a solar eclipse.

SOLAR CYCLE VARIATION

The variability of electron temperature in the E region is quite °
evident in the published data of Spencer, et al., [6], Brace, et al., [7],
Spencer, et al., [8] and others. Some variation can be expected, cor-
responding to the change in neutral gas temperature as given by the 1965
CIRA model. Enough data is now available to look for systematic variation
of E region electron temperature during the solar cycle. Since the elec-
tron density of this region shows a rather well defined variation with
sunspot number the daytime values of electron temperature at 145 km have
been examined in relation to the monthly mean Zurich sunspot number (Rz).
This height has been selected for two reasons: (a) the electron temper-
ature is high and the measurement relatively more accurate, and (b) the
anomalous heating effect at lower altitudes is avoided.

Data from 24 rocket flights is presented in Table 1 and Figure 6.
Included are 7 flights from References 6 through 8 identified by S and B.
In the table, X is solar zenith angle. The values observed on ascent and
descent are identified in the figure by separate symbols and a line joins
values from the same flight. In two cases only ascent values are avail-
able. The corresponding values of neutral gas temperature obtained from
the 1965 CIRA model for the appropriate monthly average 10.7 cm flux value
are also included as are the constant temperatures of the 1959 ARDC and
1962 U.S. model atmosphere. Some data points have been moved to a slightly
greater or smaller value of the sunspot number for clarity. These cases
can be identified by the corresponding gas temperature values.
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The first point to note is that there is general agreement between
the new data and that given by Spencer and Brace, supporting their conten-~
tion of nonequilibrium in the E region. Both sets of data also show some
cases of large, unexplained, differences between ascent and descent values.

The second point is that near sunspot minimum the electron temper-
ature at 145 km is often only 100 to 200 K above the gas temperature.

The third, and most important point, is that the electron temper-
ature shows a definite increase from sunspot minimum toward sunspot
maximum; an increase which is much greater than the increase in neutral
gas temperature.

The scatter of individual values is probably real but does not show
any correlation with latitude, solar zenith angle, or any daily index of
solar activity.

DISCUSSION

The principal conclusions of this study of electron temperature in
the E regions are as follows:

1. The electron temperature below 150 km remains constant during
a solar eclipse, even though this temperature may be several hundred
degrees above the neutral gas temperature;

2. The average electron temperature at 145 km increases from
sunspot minimum toward sunspot maximum;

3. The electron temperature at 145 km is always greater than the
neutral gas temperature, at _sunspot minimum the difference on some days
is as small as 100° K; for Rz > 100 the difference is no less than 600 K.

The eclipse observations support the analysis of Hanson and Johnson
and indicate that solar radiation does not directly determine the electron
temperature of the E region. The same data appear to conflict with cal-
culations of Dalgarno, et al., [9] who find that solar radiation can
produce nonequilibrium in the E region down to 120 km.

The rocket data at 145 km near sunspot minimum are in generally good
agreement with observations by Evans [l10] using the incoherent back-scatter
radar technlque He finds the monthly average value of Te-Tg ranging
from 50°K to 200°K for five months in 1964. The corresponding values of
Rz range from 5 to 9.

In the lowest part of the E region a measurement of electron collision

frequency by Mechtly, et al., [11] has established that thermal equilibrium
exists up to an altitude of 105 km. This observation (Nike Apache 14.143)

12




was made near sunspot minimum: Rz = 9. The probe on this same fl%ght
gave a value of electron temperature of 690 K (descent value), 140K
above the gas temperature derived from the 1965 CIRA model.

The large variation of electron temperature during the solar cycle

makes it very desirable to continue systematic observations of the E
region at least to the next solar maximum, predicted for October 1968.
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